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Rutheniutn tetroxide and ostniutn tetroxide were 
cotnpared as post-fixatives in the preparation of hu-
tnan epidertnis for transtnission electron tnicroscopic 
exatnination. Both reagents revealed characteristic 
latnellar granules within the granular layer and ex-
truded latnellar granule contents in the upper gran-
ular layer. The transfortnation of the granule con-
t ents into tnultilatnellar sheets at the interface 
between the granular and cornified layers and the 
persistence of these sheets through all levels of the 
st ratutn corneutn were detnonstrated only with ru-
theniutn tetroxide fixation . Ther efore, the reactivity 
he multilayered lipid sheets of the intercellular 
spaces of the stratum corneum were first detected by 
fi·eeze-fracture electron microscopy [1,2]. Although 
lamellar granules were observed readily in routine 
transmission electron micrographs, the intercellular 
lamellae were not generally detected with this method, and it was 
suggested that the intercellular lipids of the stratum corneum are 
extracted during processing for transmission electron microscopy 
[3]. However, it has now been demonstrated that substitution of 
the chemically more reactive ruthenium tetroxide for osmium 
tetroxide in preparation of samples for transmission electron mi-
croscopy routinely reveals the intercellular lamellae of the stratum 
corneum [4 - 7]. Although ruthenium tetroxide fixation consistently 
reveals the intercellular lamellae, there are still many questions: in 
particular, what constitutes good preservation and what constitutes 
normal or abnormal ultrastructure after fixation by this method? 
The purpose of the present study was to compare ruthenium 
tetroxide and osmium tetroxide as post-fixatives for human epider-
mis and to explain the chemical basis for the failure of osmium 
tetroxide to reveal the membranous structures of the stratum 
corneunl. 
MATERIALS AND METHODS 
Electron Microscopy Small samples of human dorsal forearm skin 
(approximately 1 mm3 ) from five healthy adult volunteers were obtained 
under local anesthesia and fixed immediately for 24 h in 2.5% glutaralde-
hyde buffered in 0.1 M sodium cacodylate at 4°C. The tissue was then 
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of ostniutn tetroxide with isolated epidertnal lipids 
was exatnined. The failure of ostniutn tetroxide to 
reveal tnetnbrane structures in the stratutn corneutn 
can be explained b y i ts inability t o react with tnany o f 
the lipid components o f these metnbranes, r a ther 
than t o selective removal o f lipids during tissue 
p r o c essing, as was fortnerly believed. Rutheniutn 
tetroxide, a stronger oxidizing agent than ostniutn 
tetroxide, overcomes this probletn but has o th er se-
vere limitations as a post-fixative. K ey words: ep idermis/ 
lipid/permeability/ultrastructure. ] Invest D ermatol 104:417-
420, 1995 
post-fixed for 1 h in either 0.2% ruthenium tetroxide in 0.1 M cacodylate 
buffer at pH 6.8 or in 1% osmium tetroxide with 1.5% potassium ferrocya-
nate in 0.1 M cacodylate buffer at pH 6.8 [5]. The specimens were then 
dehydrated in a series of acetone solutions (30%, 50%, 70%, 95%, and 100%) 
before embedding in Spurr's resin. Ultrathin sections were cut and collected 
on carbon-stabilized Formvar-coated grids . Sections were stained with 
uranyl acetate and lead citrate or, in some cases, with lead citrate alone 
before examination in a Zeiss EM 10 or Hitachi 7000 electron microscope. 
Direct comparisons of ultrastructure after fixation with osmium tetroxide or 
ruthenium tetroxide were always done with tissue from the same individual. 
To determine volume densities oflamellar granules, we prepared micro-
graphs from the upper granular layer at a magniflcation of 20,000 and 
quantified 15 8 X 10-in enlargements. Criteria for identification of mem-
brane-coating granules included size (0.1-0.3 /-Lm diameter), shape (round 
to ovoid), presence of a bounding membrane, and internal lamellae or 
uniform electron density. Three categories were counted separately: 1) 
granules with internal lamellae; 2) granules that appeared to contain 
electron-dense material but no lamellae; and 3) vesicles that appeared 
empty. The volume densities were determined by a point-counting method 
using a coherent lattice grid [8]. 
Reactivity of Lipids With Osm ium Tetroxid e Porcine epidermis was 
separated from a pig carcass, and total lipids were extracted and dried as 
described previously [9]. The lipid residue was dissolved in chloroform: 
methanol, 2: 1, and the sample was applied as a thin streak about 2 cm from 
the bottom edge of a 20 X 20-cm plate coated with 250-/-Lm-thick silica gel 
G (Adsorbosil-Plus-l plates, Alltech Associates, Deerfield, IL). Plates were 
developed with several different mobile phases to isolate different lipid 
classes. Cholesterol and fatty acids were separated after development with 
hexane:ethyl ether:acetic acid, 70:30:1. Development with chloroform: 
methanol:acetic acid, 190:9:1, resolved six fractions of cerarnides, and 
development with chloroform:methanol:water, 40:10:1, permitted the iso-
lation of four fractions of glycosylceramides, phosphatidylethanolamine, 
phosphatidylcholine, and sphingomyelin. Mter spraying the chromatograms 
with ethanolic 2',7 ' -dichlorofluoroscein, lipid bands were detected by 
visualization under ultraviolet light. Silica gel containing the lipids of 
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interest was scraped from the plate and transferred to small glass columns, 
and the lipids were eluted with chloroform:methanol:water, 50:50:1. 
Portions (250 I-Lg) of each lipid fraction were dried in glass tubes under 
nitrogen. To the dried samples, 1 ml of 1 % (w/v) osmium tetroxide in 
1,2-dichloroethane was added, and the reaction was allowed to proceed for 
1 h at room temperature. After 1 h, 2 ml of 1,2-dicWoroethane and 1 ml of 
water were added to the reaction mixture. Mter vigorous mixing, the 
mixture was centrifuged at 1000 X g for 5 min. The lower dichloroethane 
phase was transferred to a clean glass tube and washed two additional times 
with i-ml portions of water. For each lipid fraction, a 250-l-Lg portion was 
treated with 1,2-dichloroethane without osmium tetroxide for 1 h and 
subjected to the washing procedure as a control. Samples were dried under 
nitrogen, redissolved in 100 I-LI of chloroform:methanol, 2:1, and analyzed 
by thin-layer chromatography in conjunction with photo densitometry . 
Paired samples (with or without osmium tetroxide) were chromatographed 
in adjacent lanes, and the percent reaction with osmium tetroxide was 
calculated from the densitometer tracings. 
RESULTS 
Representative micrographs of lamellar granules in osmium-fixed 
and ruthenium-fixed skin are shown in Figs 1a and 2a, respec-
tively. The characteristic pattern of stacked lamellae surrounded by 
a distinct bounding membrane was apparent in only a portion of the 
lamellar granules after either fixation method. Many granules 
appeared empty or disrupted. In fact, when volume densities were 
estimated from micrographs of osmium-fixed tissue, we found that 
granules with at least some internal lamellae occupied 2.0 ± 0.6 
mm
3 
/ cm3 , vesicles of appropriate size and shape but containing 
moderately electron-dense material occupied 2.3 ± 0.9 mm3 / cm3 , 
and apparently empty vesicles occupied 0.4 ± 0.7 mm3 / cm3 . The 
relatively patchy, featureless appearance of the cytosol surrounding 
the lamellar granules in the ruthenium-fixed sample (Fig 2a) 
compared to the osmium-fixed material (Fig 1a) was also typical. 
This difference in fixation also was apparent in the uppermost 
granular cells, shown in Figs 1b and 2b. 
The interface between granular cells and cornified cells was 
variable in both number and organization of extruded lamellar 
granule contents. Figures 1b and 2b compare similar regions of this 
interface and show a "space" in the osmium-tetroxide-fixed 
sample (Fig 1b) between the cornified envelope and the extruded 
lamellae; this space corresponds to elongated lamellar sheets, which 
were demonstrated only with ruthenium tetroxide (Fig 2b). 
Distinct desmosomal remnants were observed in both prepara-
tions (Figs 1c and 2c), although an artificial separation sometimes 
occurred between the dense plaque and the transitional cell below 
(Fig 2b). Such artifacts were more common in ruthenium-tetrox-
ide-fixed epidermis, and the osmium-tetroxide-fixed images pro-
vide a comparison for determining artifactual appearance. 
The most dramatic differences between osmium tetroxide and 
ruthenium tetroxide staining were observed in the stratum cor-
neum (Figs 1c and 2c). The intercellular spaces of the stratum 
corneum contain a variety of structures, as shown previously [4 -7 , 
10 -13]. Ruthenium tetroxide fixation revealed the characteristic 
lipid lamellae that were first detected with the freeze-fracture 
technique [1,2]. Although the lamellar sheets are uniform in 
number and organization in the example shown, a wide variety of 
lamellar patterns was found in normal stratum corneum. Although 
the intercellular lamellae were clearly revealed with ruthenium 
tetroxide (Fig 2c) and not with osmium tetroxide (Fig 1c), the 
keratin pattern was better preserved in the osmium-tetroxide-fixed 
specimens (Fig 1 b, c). The interior of the cornified cells often had 
a moth-eaten appearance in the samples fixed with ruthenium 
tetroxide (Fig 2c). Bulbous regions were found in both osmium-
and ruthenium-tetroxide-fixed samples (Figs 1c and 2c), as were 
putative desmosomal remnants. 
In an attempt to explain the differential ability of osmium 
tetroxide to reveal membranous structures in different epidermal 
compartments, we examined the reactivity of this reagent with lipid 
fractions isolated from epidermis. The results are presented in 
Table I. Ceramide 1 (acylceramide), glucosylcerarnide A (acylglu-
cosylcerarnide), and phosphatidylethanolamine reacted completely, 
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Figure 1. Osmium tetroxide reveals lamellae in some lamellar 
granules but fails to reveal intercellular lamellae in the stratum 
corneum. Part a is a representative micrograph of lamellar granules in the 
upper portion of the granular layer. Note that one granule (Ig) displays a 
typical ultrastructure. Another granule (arrow) shows a stack of disks 
surrounding a homogeneous area lacking structure (barred arrow). The other 
four granules fit the criteria of size, shape, and location but otherwise offer 
no clues to their precise identity. One empty vesicle (V) is also present. Part 
b shows the interface between a granular cell and a cornified cell with 
extruded contents of lamellar granules (Ig). Note the unstained region 
(arrows) between the disks and the cornified cell envelope (ce). Note the 
desmosomal remnant (D) and the lack of cornified cell envelope around the 
desmosomal region. Part c is from the mid-stratum corneum showing the 
lack of staining in the intercellular spaces (arrows), although desmosomal 
remnants (D) and other amorphous material (*) are present in a bulbous 
region. The size of intercellular spaces is variable throughout the stratum 
corneum. Bars, 100 nm. 
whereas the fatty acid fraction was totally unreactive. Phosphati-
dylcholine, sphingomyelin, and ceramide 4 reacted to the extent of 
59% to 80%, and cholesterol and the other ceramides reacted to 
lesser extents ranging from 23% through 47%. 
DISCUSSION 
The inadequacy of osmium tetroxide for visualizing membrane 
structures in stratum corneum has been overcome by introduction 
of the chemically more reactive ruthenium tetroxide [4]. Ruthe-
nium tetroxide consistently reveals lamellar granules as well as the 
intercellular lamellae in stratum corneum, and has made possible 
studies of the details of lipid organ!zation in normal stratum 
corneum [5] after various experimental treatments [6,14-17] and in 
VOL. 104, NO. 3 MARCH 1995 
Figure 2. Ruthenium tetroxide reveals both lamellar granules and 
intercellular lamellae in the stratum corneum. Part a depicts six 
lamellar granules, three containing lamellar disks (Ig) and three showing 
only electron-dense material but meeting the criteria of size, shape, and 
location for lamellar granules. Three of the granules appear disrupted 
(arrows), containing "empty" spaces. Part b shows an extruded stack of 
lamellae (Ig) and reorganized elongated lamellar sheets directly above 
(barred arrows). Desmosomal remnants (D) are adjacent, but artifactual 
separations between the desmosomes and granular cell are observed (ar-
rows). Note the keratin pattern (k) in the cornified cell, which is well 
preserved. Part c is from the mid-stratum corneum and contains the 
characteristic patterned intercellular lipid lamellae (arrows) interspersed 
between desmosomal remnants (D) and bulbous regions (*). The number 
and organization of lamellae vary considerably throughout the stratum 
corneum. Bars, 100 nm. 
disease processes [7,18]. However, there are many possible artifacts 
associated with ruthenium tetroxide fixation because of its high 
reactivity, limited penetration, and patchy tissue preservation 
[4,19]. The present results indicate that lamellar granules could be 
examined in specimens fixed with either osmium tetroxide or 
ruthenium tetroxide; however, many other intracellular structures 
of nucleated epidermal cells, as well as keratin bundles within 
cornified cells, were damaged by ruthenium tetroxide. Use of both 
osmium tetroxide and ruthenium tetroxide is required to reveal 
fully the membranous structures at the interface between the 
stratum granulosum and stratum corneum. Only ruthenium tetrox-
ide reveals the intercellular lamellae in stratum corneum. When 
examining ruthenium tetroxide images of lamellar granules and 
intercellular lamellae in disease states and after experimental ma-
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Table I. Osmium Tetroxide Reacts with Lipids Found in 
Lamellar Granules But Fails to React Extensively with 
Most StratUDl Corneum Lipidsa 
Lipid 
Fatty acid 
Cholesterol 
Ceramide 1 
Cerami de 2 
Cerarnide 3 
Cerarnide 4 
Cerarnide 5 
Cerarnide 6 
Acylglucosylceramide 
Glucosylceramides B-D 
Phosphatidylethanolamine 
Phosphatidylcholine 
Sphingomyelin 
Percent Reacted 
0.0 ± 4.9 
12.3 ± 12.4 
100.0 ± 0.0 
28.0 ± 18.4 
29.8 ± 6.0 
58.8 ± 12.6 
47.1 ± 8.1 
18.7 ± 2.4 
100.0 ± 0.0 
56.5 ± 12.1 
100.0 ± 0.0 
78.8 ± 5.4 
80 .2 ± 1.3 
n Isolated lipids were dissolved in dichloroethane with or without osmium tetroxide. 
After 1 h at room temperature, the lipids were recovered and analyzed by thin-layer 
chromatography to determine the ell."tent of reaction with osmium tetroxide. Results 
are presented as mean :±:: standard error of the mean from three determinations. 
nipulation, one must confirm any interpretations of abnormality by 
comparison with osmium-fixed tissue and by quantitative analysis. 
The present study draws attention to the morphologic heteroge-
neity of lamellar granules in normal tissue regardless of the fixation 
method. Less than half of the membrane-bound vesicles of appro-
priate size and shape contained any internal lamellae, and most of 
these appeared to be only partially filled with lamellae. Many 
putative lamellar granules appeared to contain moderately electron-
dense material. This probably reflects a plane of sectioning more or 
less parallel to the plane of the internal lamellae. Any nonquanti-
tative assessments of putative abnormal lamellar granules in patho-
logic or experimentally altered conditions must be viewed with 
caution. 
Comparison of the appearances of the interface between the 
granular and cornified regions after fixation with osmium tetroxide 
versus ruthenium tetroxide illustrates why both reagents should 
always be used when examining this area. After fixation with 
osmium tetroxide, this interfacial region appeared to contain 
extruded lamellar granule contents beneath amorphous electron-
lucent material. In one recent study, similar micrographs were said 
to demonstrate separation oflamellar- and nonlamellar-phase lipids 
[15]. However, it is apparent that conversion of extruded lamellar 
granule contents into broad sheets begins at the interface, and what 
appears as amorphous material immediately above extruded gran-
ule contents in osmium-fixed samples is actually multiple broad 
lamellae, as revealed in the ruthenium tetroxide-fixed specimens. 
The reactivity of osmium tetroxide with isolated epidermal lipids 
together with the known lipid compositions of lamellar granules 
[20,21] and stratum corneum [22] help to explain why this reagent 
reveals the fine structure of the lamellar granules but fails to reveal 
the intercellular lamellae in the stratum corneum. Lamellar granules 
contain high proportions of phospholipids and glucosylceramides, 
especially a linoleate-rich acylglucosylceramide. In addition to the 
linoleate in the acylglucosylceramide, the phospholipids in lamellar 
granules contain abundant unsaturated fatty chains; therefore, 
lamellar granule lipids contain numerous double bonds and sugar 
moieties with which osmium tetroxide can react. These results are 
in accord with the findings ofBahr [23] and Stoeckenius and Mahr 
[24], who showed that osmium tetroxide was highly reactive with 
a range of compounds containing carbon-carbon double bonds but 
less reactive with alcohols and essentially unreactive with alkanes, 
amides, esters, and carboxylate groups. 
Stratum corneum lipids consist mainly of saturated fatty acids, 
ceramides, and cholesterol. Of the ceramides, only cerarnide 1, the 
acylceramide derived from acylglucosylcerarnide, contains unsatur-
ated fatty acids, and ceramide 1 represents only 3% to 4% of the 
total lipid in stratum corneum [22]. Cerarnide fractions 2, 4, and 5 
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contain mixtures of saturated sphinganines and sphingenines with 
trans double bonds. Ceramides 3 and 6 contain no double bonds, 
but do contain adjacent hydroxyl groups on phytosphingosine 
moieties. From published compositions oflamellar granules [20,21] 
and stratum corneum lipids [22] and the present data on chemical 
reactivity, it can be estimated that about 29% of the stratum 
corneum lipid could react with osmium tetroxide, whereas 56% of 
the lamellar granule lipid could react. Reactivity of lipids in 
membranes may be reduced compared to the present values 
determined for lipids in solution; nevertheless, the twofold differ-
ence in potential extent of reaction explains why osmium tetroxide 
reveals the membranes of lamellar granules but fails to reveal 
intercellular lamellae in stratum corneum. No lipid solvent has been 
identified that does not react with ruthenium tetroxide, precluding 
similar studies of the reactivity of this agent. 
This study was supported in part by grants from the National Institutes oj H ealth 
(DEO 7930 and DEl 0516). 
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